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Preparation and properties of open-cell zinc foams 
as human bone substitute material
Zhi-gang Li, Xiao-guang Zhang, Peng Huang, Lei Hu, and *Guo-yin Zu
College of Materials Science and Engineering, Northeastern University, Shenyang 110819, China

Medical metal materials have good mechanical 
properties and biocompatibility, and have been 

widely used as human hard tissue repair and replacement 
materials [1-3]. However, clinical studies have found 
that many medical metal materials do not match the 
elastic modulus of human bones, which will produce 
"stress shielding" phenomenon when implanted in the 
human body, resulting in loose or broken implants [4-6]. 
To solve the above problems, scholars have proposed 
a method of introducing pores into the medical metal 
materials [7,8]. The density, strength, and modulus of 
elasticity of porous metal materials can be adjusted by 
pore size and porosity, thus "stress shielding" can be 
alleviated or eliminated [9,10]. Porous structure and rough 
surface are conducive to the adhesion, proliferation, and 
differentiation of osteocytes, and promote the growth 
of new osteocytes into the pore [11,12]. Because the pore 
structure of foam metals is three-dimensionally connected, 
the body fluids and nutrients can be circulated, promoting 
tissue regeneration and reconstruction, and quickening the 
healing process [13,14].

At present, titanium foam and tantalum foam are 
often used to replace bone tissue. It should be pointed 
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out that metal implants in human body, such as 
orthopedic steel plates and vascular stents, are usually 
not long-term; when the human body recovers, the 
implants need to be removed through surgery [15]. 
So, many researchers began to pay attention to metal 
materials that can be absorbed by the human body, 
such as magnesium, iron and their alloys [16]. But the 
degradation rate of magnesium alloys in the human 
body is too fast and uneven, which will lead to a rapid 
decline in mechanical properties, and generating a great 
amount of gases, resulting in a local increase in pH 
value [17,18]. The human body also can absorb zinc and 
zinc alloys. The chemical properties of zinc are more 
stable than magnesium but more active than iron. The 
degradation rate of zinc will not be too fast or too slow, 
so it is a better candidate for a medical biomaterial [19,20]. 
Besides, zinc is also one of the essential trace elements 
and plays a very important role in the human body [21]. 
So, zinc and zinc alloys are more suitable as scaffolds 
for bone tissue. However, there are few studies on 
foamed zinc as a human implant material.  

In this study, the open-cell zinc foams were prepared 
to study the feasibility of foamed zinc as a bone implant 
material. Generally, foam alloys are prepared using the 
infiltration casting process. The traditional infiltration 
casting device usually has too many components, the 
pressure is difficult to control during the infiltration 
process, and the yield is low [22-24]. Therefore, a self-
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Table 1:  Chemical composition of the zinc ingot (%)

Zn Pb Cd Cu Al Sn

Bal. 0.0016 0.001 0.0002 0.0003 0.0003

Fig. 1:  Self-designed vacuum infiltration casting device

designed vacuum infiltration casting device was used. The 
pore structure, micromorphology, and porosity of the open-
cell zinc foams were characterized and measured. The quasi-
static compression performances and corrosion resistance in the 
simulated body fluid (SBF) were analyzed and compared with 
human bone.

1 Experimental procedure
Commercially pure zinc ingot ( 99.995%) and CaCl2 particles 
with four different sizes (1.0, 2.0, 3.0, 4.0 mm) were used as 
raw materials. Table 1 shows the chemical composition of the 
zinc ingots. The open-cell zinc foams were prepared by vacuum 
infiltration casting process with the self-designed vacuum 
infiltration casting device, as shown in Fig. 1.

Figure 2 shows the procedures for fabricating open-cell zinc 
foams: (1) Sinter the spherical CaCl2 particles in the crucible at 
650-700 °C for 5 h to prepare CaCl2 preform. (2) Put zinc ingot 
on the CaCl2 preform and heat in the vacuum infiltration device. 
At the same time, turn on the vacuum pump to maintain the 
internal vacuum of the device at 0.09-0.098 MPa. (3) Hold for 
30 min at 570-620 °C. Then, open the pressure valve and adjust 

the seepage pressure to 0.3-0.7 MPa. (4) After cooling to room 
temperature, take out the crucible from the seepage bucket, a 
compound of foamed zinc and CaCl2 particles can be obtained. 
Put the compound in water to remove CaCl2 particles, then 
open-cell zinc foams were obtained.

A high definition digital camera was used to capture 
macroscopical photographs of open-cell zinc foams. The 
pore morphologies of open-cell zinc foams were observed by 
scanning electron microscopy (SEM, Ultra Plus, U=15.0 kV, 
SE). The quasi-static compression properties of open-cell zinc 
foams were tested by the AG-Xplus 100 kN universal testing 
machine at room temperature, under a compression speed of 1 
mm·min-1. Compressed samples are all cylinders of Φ20 mm × 
20 mm. After the compression test, the data was processed and 
analyzed according to GB/T31930-2015. The stress-strain curve, 
compressive strength, and Young's modulus of the samples were 
obtained.

In the in vitro immersion test of open-cell zinc foams, 
the electrolyte solution is SBF with pH value of 7.4. The 
configuration of SBF is shown in Table 2. The experiment 
was carried out according to ISO/FDIS23317. The size of the 
immersion samples is Φ10 mm×3 mm. The dosage of SBF is 

150 mL·cm-2, and the soaking temperature is 37 °C. The SBF 
was replaced every 2 days, and the soaking time is 1 d, 4 d, 8 
d, and 14 d, respectively. Samples are weighted with analytical 
balance before immersion. After soaking, the samples were 
rinsed with water and dried by a dryer. The ULTRA PLUS field 
emission SEM with energy dispersive spectrometer was used to 
observe the surface after immersion. Then, 200 g·L-1 chromic 
acid solution was used to remove the corrosion products from 
the surface of the samples [25]. After cleaning, the cleaned 
sample was weighted with an analytical balance. The weight-
loss rates were calculated as follows:

where m0 is the original mass of the sample (g), mt is the mass 
after cleaning (g).

2 Results and discussion
2.1 Pore structure characteristics
Figure 3 shows the cross section of open-cell zinc foams 
prepared using CaCl2 particles with diameters of 1-4 mm. The 

(a) (b) (c)

 V=                ×100% m0

m0-mt (1)

Fig. 2:  (a) CaCl2 sintered block; (b) Compound of Zn and CaCl2; (c) Zinc foam

≥
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Table 2:  Addition order and quantity of reagents for 1 L SBF

Order Reagent Amount Purity Formula weight

1 NaCl 8.035 g 99.5% 58.4430

2 NaHCO3 0.355 g 99.5% 84.0068

3 KCl 0.225 g 99.5% 74.5515

4 K2HPO4·3H2O 0.231 g 99.0% 228.2220

5 MgCl2·6H2O 0.311 g 99.0% 203.3034

6 c(HCl)=1 mol·L-1 39 mL - -

7 CaCl2 0.292 g 95.0% 110.9848

8 NaSO4 0.072 g 99.0% 142.0428

9 Tris 6.118 g 99.0% 121.1356

10 c(HCl)=1 mo·L-1 0-5 mL - -

pores of open cell zinc foams are spherical with the pore size 
equivalent to the size of CaCl2 particles. Therefore, the diameter 
of CaCl2 particles is regarded as the pore size of open-cell zinc 
foams.

As shown in Fig. 3, the overall structures of open-cell zinc 
foams with different pore sizes are neat with a uniform pore 
distribution. The shape of the hole was regular and spherical, 
and the greater the hole diameter, the better the integrality 
of the pore wall. The pores in the open-cell zinc foams are 

interconnected with each other, and the connectivity decreases 
with the increasing of pore size. 

Figure 4 shows the microscopic appearance of open-cell zinc 
foams. It can be seen that the open-cell zinc foams characterize 
good pore connectivity with high porosity. The wall thickness 
between two cells becomes thinner with the increasing of 
the pore size, as marked by arrows in Fig. 4. There is a high 
matching degree between the pore structure and the human 
cancellous bone. The surface of the inner wall is rough, which 

Fig. 3:  Macroscopic morphologies of open-cell zinc foams with different pore sizes: (a) 4.0 mm; (b) 3.0 
mm; (c) 2.0 mm; (d) 1.0 mm

(a) (b)

(c) (d)
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Fig. 4:  SEM micrographs of open-cell zinc foams

is conducive to the attachment and growth of osteoblasts. At the 
same time, the pore structure of open-cell zinc foams is three-
dimensional. If implanted into the human body, these connected 
pores can promote the growth of new bone tissue in the pore, 
and make the implant form a strong bonding ability with the 
human skeleton. It also allows fluid and medications to be 
transported through the holes, which is beneficial to the growth 
of new bone tissue and accelerating the healing process.

2.2 Compression performance
Figure 5 shows the stress-strain curve of open-cell zinc foams. 
The average pore diameter is 1.0 mm and the porosity is 60%. It 
can be seen that the stress-strain curve is smooth with nearly no 
obvious fluctuations. The deformation process of open cell zinc 
foam consists of three stages: (I) the elastic deformation stage, (II) 
the stress platform stage, and (III) the densification stage.

Figure 6 shows the macroscopic deformation of the open-
cell zinc foams at a strain range of 0 to 55%. The three stages 
in the deformation of foam zinc during compression is more 
easily summarized by combining with the curve in Fig. 5.

Fig. 5: Stress-strain curve of open-cell zinc foams with an 
average diameter of 1.0 mm and a porosity of 60%

(1) Elastic deformation stage: The strain range of generally not 
more than 5% is characteristic at this stage. As shown in Fig. 6, 
the obvious macro-deformation was not observed at a strain of 
5%. Bending deformation occurs at the place of cell edges and 
hole walls. The deformation occurring at this stage is reversible.

(2) Plastic deformation stage: The plastic deformation occurs 
when the strain exceeds the elastic limit. Deformation bands can be 
observed in the top side of sample. As the stress exceeds the yield 
stress of matrix, failure and fracture of cell edges took place at the 
areas where the cell wall is weakness and thus, local deformation 
zone formed (Fig. 6, ε =10%). With the increase of strain, the 
numbers of deformation bands increase, and the cell walls/edges 
are compacted. A rising hardening stage can be observed. The 
obvious increase of the sample diameter in the middle part with 
deformation indicates a higher Poisson's ratio than other foams, 
which usually shows a Poisson's ratio closing to zero. 

(3) Densification stage: Most of the cells in the sample have 
been compacted (as shown in Fig. 6, ε =45%) in this stage. The 
friction and densification of compacted cells results in a sharp 
rise of compression stress. The diameter of the sample keeps 
increasing. Meanwhile, macro-cracks cannot be observed on 
the surface of the sample in this stage, indicating a progressive 
deformation mode of open cell zinc foam during compression.

Figure 7 shows the macrostructures of the failure modes at 
the locations of cell edge and hole walls. The failure Mode A 
is mainly caused by the tensile stress during the compression 
deformation. Mode B is due to the shear stress acting on the 
edge of the hole. The failure Mode C mainly occurs at the 
wall of the hole. During compression, the hole wall was bent 
and wrinkled under pressure. The tear was parallel to the 
compression direction at a weak place of the hole wall. In fact, 
in the deformation process of open cell zinc foam, the stress 
of each hole is very complicated due to its different structure, 
and its failure mode is usually superimposed on the above three 
failure modes.
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Fig. 6:  Macroscopic deformation of open-cell zinc foams

Fig. 7:  Failure mode macroscopic views of hole 
wall/hole edge

According to the Gibson-Ashby model [26], the relative density 
is proportional to the mechanical properties of porous materials. 
As the number of prisms on the same cross-sectional area 
becomes sparse with porosity increasing, the pressure resistance 

of the samples decreases. Figure 8 shows the stress-strain curves 
of open-cell zinc foams with different porosities. Combined 
with Table 3, the compressive strength, modulus of elasticity 
and platform stress of the samples decrease obviously with 
the increase of porosity. However, there is more compressible 
space for the sample to become denser before densification 
stage. In conclusion, porosity is an important factor affecting the 
mechanical properties of open-cell zinc foams.

Table 3 shows the mechanical properties of open-cell 
zinc foams: the porosity of the open-cell zinc foams with an 
average pore size of 1.0-1.5 mm is 55%-67%, the elastic 
modulus is 0.6-1.35 GPa, and the compressive strength is 
6.0-14.8 MPa. The porosity of cancellous bone is 40%-
90%, the compressive strength is 2-10 MPa, and the elastic 
modulus is 0.1-2 GPa [27]. The mechanical properties of open-
cell zinc foams are comparable to that of cancellous bone. 
When the compressive stress load is small, the open cell zinc 
foams undergo elastic deformation. Plastic deformation occurs 
when the load exceeds the limit of elastic deformation. In the 
plastic deformation stage, the deformation curve is relatively 
smooth, and the pore is gradually compacted during the 
deformation. Further plastic deformation leads to the fracture 
of the foamed zinc, which is similar to human bone. To sum 
up, the mechanical properties of open-cell zinc foams can meet 
the needs of implants.
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Fig. 8:  Stress-strain curve of open-cell zinc foams with different porosities: (a) aperture is 1.0 mm; (b) aperture 
is 1.5 mm

Table 3:  Mechanical properties of open-cell zinc foams

Average pore size (Porosity) 1.0 (55.6%) 1.0 (59.9%) 1.0 (66.5%) 1.5 (54.6%) 1.5 (57.2%) 1.5 (61.3%)

Elastic modulus (GPa) 1.21 1.03 0.59 1.35 1.17 0.92

Compressive strength (MPa) 13.13 9.65 6.03 14.82 11.53 9.62

2.3 Corrosion behavior
The pH values of the three groups of open-cell zinc foams are 
shown in Fig. 9. All the samples were immersed in the SBF for 
350 h. It can be seen that the pH value of these three groups 
increased slowly with prolonging the soaking time and tended 
to be stable when it reached about 7.62. The electrochemical 
corrosion mode of the samples in the SBF is mainly oxygen 
absorption corrosion. Specifically, Zn loses two electrons and 
becomes Zn2+ at anode, water and oxygen get electrons and 
turn into OH- at cathode. Between two electrodes, Zn2+ and OH- 
bound together in solution to form Zn(OH)2. Thus, pH value of 
SBF increases slowly with the continuous formation of OH- as 
Zn dissolves in the solution. However, the maximum pH value 
of the three groups of SBF cannot always increase due to that 
the OH- is consumed in the solution to form insoluble Zn(OH)2 
and ZnO. Finally, the value of no more than 7.64 is gained 
during the whole immersion testing.

Figure 10 shows the SEM photographs of the surface 
morphology of three groups of open-cell zinc foams that soaked 
in SBF for different days. It can be seen that a small amount of 

spherical particulate corrosion products deposit dispersively on 
open-cell foamed zinc after 1 day of soaking. The number of 
spherical particles increases sharply after soaking for 4 days, 
and the surfaces of the samples are almost covered by particles. 
With the extension of soaking time, there is no obvious change 
in number, but the spheroidal particles gradually become 
larger. After more than 4 days of immersion, there are two 
forms of corrosion products formed on the surface. One is a 
solid reticular film formed on the surface of the sample, as 
marked by the red arrows in Fig. 10. The other is spherical 
particle formed on the solid reticular film, as marked by the 
blue arrows. After 14 days of soaking in the SBF, no obvious 
change occurred for corrosion products owing to the formation 
of passivation film on the surface of all the three groups of 
samples, as marked by yellow arrow.

After the immersing of three groups of open-cell zinc 
foams for 14 days, the corrosion products on the surface of 
the samples were analyzed by EDS. As shown in Fig. 11, the 
elements of Ca, P, O, and Zn are detected on the spherical 
particles. Obviously, Ca and P come from the used SBF. The 
composition of corrosion products containing phosphate of Zn, 
Ca and Zn(OH)2 can be inferred by combining the results of 
EDS and related references [28].

Figure 12 shows the weight loss rate of the open-cell zinc 
foams samples after immersion in SBF for 14 days. The 
minimum weight loss rate of more than 4% is acquired, and 
it increases significantly with the increase of porosity. Owing 
to the larger surface area caused by higher porosity of open-
cell zinc foams, there is a higher probability for the sample 
and SBF to contact with each other and thus, the corrosion 
rate is accelerated. Generally, the surface area of open-cell 
zinc foams increases with the decrease of average pore size, 
which significantly accelerates the corrosion rate. However, 
the phenomenon of absence of the pore wall becomes serious, Fig. 9:  Variations of pH value with immersion time in SBF

(a) (b)
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Fig. 10:  Surface micrographs of open-cell zinc foams with different pore diameters and porosities 
after immersion in SBF for different days

Fig. 11:  EDS spectra of open-cell zinc foams after immersion in SBF for 14 days:  (a) 1.5 (61%); (b) 1.0 (60%); 
(c) 1.0 (66%)

(c)(b)(a)

1.5 (61%)                          1.0 (60%)                          1.0 (66%)

1d

4d

8d

14d                
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Fig. 12:  Weight losses of open-cell zinc foams after 
immersion in SBF for 14 days

which reduces the contact area with the SBF. Thus, the corrosion 
rate just increases slightly. The sample with a porosity of 66% 
has the highest weight loss of 6.7%. The corresponding average 
weight loss rate is about 2.5 mg·d-1, which is significantly below 
the tolerance limit of 40 mg·d-1 [29]. This is mainly attributed 
to the network passivation film of solid-state on the surface of 
open-cell zinc foams, which significantly reduces its corrosion 
rate in SBF.

According to experimental results and analysis above, 
electrochemical corrosion occurs for the open-cell zinc foams 
in SBF. That is, foam zinc is gradually dissolved as anode 
in solution. The cathode reaction of zinc in neutral solution 
is oxygen adsorption reaction, in which OH- accumulated 
continuously, leading to the increase of pH value of solution. 
There is no hydrogen produced during the whole corrosion 
process. The reaction equations are as follows [30,31]:

Anodic reaction: 
                                    Zn→Zn2++2e-                                   (2)
Cathodic reaction: 

                                2H2O+O2+4e-→4OH-                          (3)

Zn2+ and OH- combine to form water-insoluble Zn(OH)2

                         2Zn+O2+2H2O→2Zn(OH)2                        (4)

At the same time, Cl- in SBF reacts with Zn(OH)2 and 
precipitate of Zn(OH)2 is dissolved, destroying the dynamic 
equilibrium between the formation and dissolution of Zn(OH)2. 
Finally, Zn2+ reacts with HPO4

2- in solution to form water-
insoluble phosphate.

                     Zn(OH)2+2Cl-→Zn2++2OH-+2Cl-                  (5)

     3Zn2++2HPO4
2-+2OH-+2H2O→Zn3(PO4)2(H2O)4           (6)

The deposition process of Ca-P in SBF is widely used 
to evaluate the biological activity of biomaterials, such as 
bioactive glass, surface-treated titanium, porous magnesium 
scaffolds, etc. [32-34]. As shown in Fig. 11, the corrosion products 
that were measured by EDS show that the elements of Ca, P, 
O, and Zn exist on the spherical particles that precipitated on 
open-cell zinc foams. ZnO and Zn(OH)2 are common corrosion 
products of Zn in the solution with Cl-. With the extending 
of the immersion time for the samples in the SBF, Zn(OH)2 

converts into ZnO which is more stable [35]. According to Eq. 
(3), hydroxide ions generate continuously with immersion 
time which increase the pH in solution. And thus, the elements 
of Ca and P prefer to precipitate on the surface of the cavity 
wall of open cell zinc foam, which is critical to the biological 
activity of the material. According to related research reports, 
the end of negatively charged ions can attract positive charged 
Ca2+ in SBF, and then adsorb PO4

3-  in solution [36]. The OH- 
accumulating on the surface of open-cell zinc foams can also 
act as similar role to the negative ion group in SBF. Once Ca2+ 
and PO4

3- are adsorbed onto the surface of open cell zinc foam, 
they react easily and combine with SBF to precipitate calcium 
phosphate because of the poor solubility of Ca2+ and PO4

3- in 
the solution even if the pH has reached 7.4 [37]. Similarly, Zn2+ 
accumulated on the sample can also react with PO4

3- to form 
Zn3(PO4)2. Finally, the corrosion product layer containing ZnO, 
Zn(OH)2 and phosphate gradually precipitates on the open-
cell zinc foams. As a result, aggregated spherical granular 
corrosion products are formed.

3 Conclusions
Spherical CaCl2 particles were used as pre-formed sintered 
material, and open-cell zinc foams with different pore 
structures were successfully prepared by using a self-designed 
device through vacuum infiltration casting technology. 
The pore properties, compression properties, and corrosion 
behavior were studied. The main conclusions are as follows:

(1) The open-cell foamed zinc, whose porosity and pore 
structure match well with the cancellous bone of the human 
skeleton, can be prepared by using a self-designed device 
through vacuum infiltration casting technology. 

(2) The elastic modulus and compressive strength of open-cell 
foamed zinc reduce with the increase of porosity. Meanwhile, 
the plastic deformation stage is prolonged with lower stress. 

(3) The mechanical properties and compression deformation 
of the open-cell zinc foams match well with the cancellous 
bone. By adjusting the porosity of open-cell zinc foams, the 
elastic modulus can be adjusted appropriately to match the 
elastic modulus of the human bone in the human body. It is a 
promising bone tissue engineering material for implanting into 
the human body.

(4) SBF soaking experiments show that open-cell foamed 
zinc has good corrosion resistance in SBF. Although the 
corrosion resistance of open-cell zinc foams decreases with 
increasing porosity, the average daily average of dissolved 
Zn of open-cell zinc foams with a porosity of 66% is still far 
below the endurance limit of the human body. In addition, the 
phenomenon of Ca-P deposition in zinc foams is induced during 
the immersion test, which shows good biological activity.
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